Abstract: Unmanned Aerial Systems (UAS) are emerging as a tool for alternative land tenure data acquisition. Even though UAS appear to represent a promising technology, it remains unclear to what extent they match the needs of communities and governments in the land sector. This paper responds to this question by undertaking a socio-technical study in Rwanda, aiming to determine the match between stakeholders' needs and the characteristics of the UAS data acquisition workflow and its final products as valuable spatial data for land administration and spatial planning. A needs assessment enabled the expression of a range of land information needs across multiple levels and stakeholder sectors. Next to the social study, three different UAS were flown to test not only the quality of data but the possibilities of the use of this technology within the current institutional environment. A priority list of needs for cadastral and non-cadastral information as well as insights into operational challenges and data quality measures of UAS-based data products are presented. It can be concluded that UAS can have a significant contribution to match most of the prioritized needs in Rwanda. However, the results also reveal that structural and capacity conditions currently undermine this potential.
Introduction
Since the early 2000s, Unmanned Aerial Systems (UAS) have become increasingly significant for both scientific as well as commercial applications [1, 2] . The advent of this low cost, reliable, and user-friendly platform, as well as recent developments in digital photogrammetry and structure from motion (SfM) image processing software solutions, create new opportunities for collecting timely, tailored, detailed, and high-quality geospatial information. Studies on the various surveying technologies provide evidence that UAS can fill the data acquisition gap between time-consuming but highly accurate ground surveys, and faster yet relatively expensive classical aerial surveys [3] . 
Needs Assessment
Land information needs assessment for Rwanda was conducted using a form of group interview known as the Nominal Group Technique (NGT). NGT was selected as it facilitates a balanced input from all participants, taking advantage of individuals' knowledge and experience to provide deep and meaningful results ranked by importance to the topic of interest [30] . NGT is an effective approach when an identified problem requires a group's ideas and evaluation and therefore wellsuited for conducting a needs assessment [31] [32] [33] . During the session, only one to two questions are posed to the group as each question takes around two hours to complete. A response to the question in terms of ideas are generated individually then gathered and combined as a group. Group consensus is reached through two rounds of individual voting, a process which prioritizes ideas and provides insight into the extent individual participants agree or disagree with the consensus vote. This structured process has been proven to be effective in addressing power imbalances or dominant behaviour in group data collection like some participants being more vocal than others [34] [35] [36] .
Validity in the method is accounted for by recruiting participants who are considered experts on the topic [37] . Hence participants were identified by local land administration experts using purposive and snowball sampling. Thirty-eight organizations were contacted; of these, 22 participated (58% response rate). Three workshops were held at local and national levels. Invited organisations included national and local (district, sector and cell levels) public sector organisations associated with land (e.g. planning, housing, registration, infrastructure, development), non-statutory organisations, private sector organisations (e.g. leading geospatial consultancies), and several universities (Table 1) . Invitations were sent to senior executives within organizations and it was left to the organization to send the most appropriate representative to the workshops. For national workshops, attending participants tended to be middle-or senior-level managers; at the local level, attending participants tended to be frontline operational staff. 
Land information needs assessment for Rwanda was conducted using a form of group interview known as the Nominal Group Technique (NGT). NGT was selected as it facilitates a balanced input from all participants, taking advantage of individuals' knowledge and experience to provide deep and meaningful results ranked by importance to the topic of interest [30] . NGT is an effective approach when an identified problem requires a group's ideas and evaluation and therefore well-suited for conducting a needs assessment [31] [32] [33] . During the session, only one to two questions are posed to the group as each question takes around two hours to complete. A response to the question in terms of ideas are generated individually then gathered and combined as a group. Group consensus is reached through two rounds of individual voting, a process which prioritizes ideas and provides insight into the extent individual participants agree or disagree with the consensus vote. This structured process has been proven to be effective in addressing power imbalances or dominant behaviour in group data collection like some participants being more vocal than others [34] [35] [36] .
Validity in the method is accounted for by recruiting participants who are considered experts on the topic [37] . Hence participants were identified by local land administration experts using purposive and snowball sampling. Thirty-eight organizations were contacted; of these, 22 participated (58% response rate). Three workshops were held at local and national levels. Invited organisations included national and local (district, sector and cell levels) public sector organisations associated with land (e.g., planning, housing, registration, infrastructure, development), non-statutory organisations, private sector organisations (e.g., leading geospatial consultancies), and several universities (Table 1) . Invitations were sent to senior executives within organizations and it was left to the organization to send the most appropriate representative to the workshops. For national workshops, attending participants tended to be middle-or senior-level managers; at the local level, attending participants tended to be frontline operational staff.
At each workshop, one nominal question was posed (due to time limitations): "What land tenure and land-related information are still needed for sustainable urbanization?". This was followed by a discussion on how UAS might meet these needs. Cell (smallest administrative entity in Rwanda) officials who could not attend the workshops were interviewed individually using an adapted version of the NGT. Data collection ceased after six interviews when no significantly different insights were gained after four interviews. 
UAS Data Collection
In general, the UAS-based data acquisition workflow includes both technical and non-technical aspects. As shown in Figure 2 , the UAS itself, the UAS pilots as well as the legal permission to conduct UAS flights refer to the main requirements to proceed with the data acquisition. In this research investigation, the UAS data collection aimed to provide an accurate orthophoto of the study area. Flight planning, data acquisition, and data processing were executed accordingly.
Stakeholder Class
Organisations Contacted Participated Public sector organizations specific to land administration (national, province, district, sector, cell levels) 12 12 Public sector organizations (adjacent domains to land) 12 3 Non-statutory organizations  1  1  Private sector organizations  3  3  NGOs, Not-for-profit/Donors and Development partners;  6  0  Research & Development (R&D)  4  3 At each workshop, one nominal question was posed (due to time limitations): "What land tenure and land-related information are still needed for sustainable urbanization?". This was followed by a discussion on how UAS might meet these needs. Cell (smallest administrative entity in Rwanda) officials who could not attend the workshops were interviewed individually using an adapted version of the NGT. Data collection ceased after six interviews when no significantly different insights were gained after four interviews.
UAS Data Collection
In general, the UAS-based data acquisition workflow includes both technical and non-technical aspects. As shown in Figure 2 , the UAS itself, the UAS pilots as well as the legal permission to conduct UAS flights refer to the main requirements to proceed with the data acquisition. In this research investigation, the UAS data collection aimed to provide an accurate orthophoto of the study area. Flight planning, data acquisition, and data processing were executed accordingly. (a) UAS equipment, payload and the ground control station; (b) trained staff to pilot and operate the UAS; (c) legal permission to conduct the UAS flight mission which can set its own requirements according to the national jurisdiction; (d) flight planning with an appropriate software and definition of flight characteristics; (e) acquisition of UAS images in the area of interest; (f) data cleansing and photogrammetric processing including quality assessment.
UAS Regulations in Rwanda
UAS related regulations are a vital requirement in the safe and successful use of UAS technology. In May 2016, the Ministerial Regulations N • 01/MOS/Trans/016 relating to the use of UAS in Rwanda were officially gazetted [38] . Respective regulations are very prescriptive and contain subparts dealing with UAS registration and marking, privacy and safety, airworthiness certification, operating rules and pilot licensing [14] . Before any commencement of activities, the UAS needs to be registered and marked with a unique identifier. Furthermore, pilots, as well as operating agencies, need to hold specific licenses issued by Rwanda Civil Aviation Authority. These requirements demand a high standard Remote Sens. 2019, 11, 1035 6 of 20 of UAS professionality and make it a challenge for external companies and institutions to obtain legal flight permissions. At the time of writing, the authors were yet to complete the administrative procedure required (despite commencing the process in 2017) to operate UAS in Rwanda. Therefore all data collection flights were carried out by Charis UAS Ltd., a Rwandan company specialized in UAS services and the first UAS certified company in Rwanda. The experiences of the authors with the UAS regulations and respective governmental institutions point at very high institutional barriers for market entry. There is only one company which is a certified UAS operator (for land-related mapping) and arguably has a monopoly position. For the specific case related to the work at hand, processes were not transparent and slow with limited access and availability of authoritative, unambiguous and assured information. Although UAS regulations are in place, gaps and lack of capacity can be seen when it comes to both enforcement and implementation.
Besides requirements towards pilot certification, UAS registration, and operator certification, Rwandan UAS regulations outline several operational limitations that have to be taken into account during all UAS flight missions ( Table 2 ). In general, most specifications reflect common restrictions [39] except for the lateral distance between the pilot and the UAS. Even though the visual line of sight remains undefined, the maximum lateral distance of the pilot to the UAS in operation was set to 300 m in 2016. This imposed a substantial constraint to UAS mapping projects. However, in the course of 2018, UAS regulations were revised, and the maximum lateral distance disappeared from the restrictions and the flight height was lifted to 120 m [40] . Specifications of restricted areas and requirements towards distances to structures and people are comparable to standard practice. Three different types of UAS were tested in this study to assess the variety of UAS as a platform: one rotary-wing UAS (Inspire 2), one hybrid UAS (FireFLY 6) and one fixed-wing UAS (DT18). The consciously chosen platforms have different specifications in terms of operability, coverage, price, and necessity of ground control measurements. This study set-up reflected the broad spectrum of commonly used UAS and allowed to acknowledge these varieties within the assessment of the fitness of use. All platforms were equipped with an RGB sensor to capture nadir images (Table 3 ). The Inspire2 from DJI refers to semi-professional UAS with a focus for filmmaking. Both, the FireFLY6 and the DT18 PPK are survey-grade UAS of which the FireFLY6 presents a lower cost solution, and the DT18 PPK refers to a professional UAS with high-end components. The DT18 PPK is equipped with a combined Inertial Measurement Unit/ GNSS solution from Applanix (APX15) which allows direct georeferencing and minimizes the need for ground control measurements. Inspire2 from DJI refers to semi-professional UAS with a focus for filmmaking. Both, the FireFLY6 and the DT18 PPK are survey-grade UAS of which the FireFLY6 presents a lower cost solution, and the DT18 PPK refers to a professional UAS with high-end components. The DT18 PPK is equipped with a combined Inertial Measurement Unit/ GNSS solution from Applanix (APX15) which allows direct georeferencing and minimizes the need for ground control measurements. During flight planning, the first step for the UAS data collection, areas for take-off and landing, the UAS trajectory and the flying height are specified. A typical procedure to create the flight trajectory with strips is 80% forward overlap and 40-80% side overlap [1] since redundancy can compensate for aircraft instabilities. The flight planning configurations in this study were constraint by the regulations (operational limitations), requirements for accurate data in an urban environment and external flight conditions such as wind and illumination. Therefore, taking all these factors into account, the flight missions were carried out with 80% forward and 70% side overlap. According to the regulations, flight height was set to 100m above the surface. All UAS were equipped with a RGB sensor and resulting ground sampling distances varied between 2-3cm depending on the specification of the camera.
To emphasize the diversity of possible flight configurations, data collection included three different contexts -one urban study area, one peri-urban and one rural study area. The location of the study sites is visualized in Figure 3 .
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To emphasize the diversity of possible flight configurations, data collection included three different contexts-one urban study area, one peri-urban and one rural study area. The location of the study sites is visualized in Figure 3 . Due to the limited availability of open spaces, a hybrid UAS for the data collection of the densely populated urban environment in Muhoza Sector was chosen. In contrast, the rotary wing UAS was used to collect the images of the peri-urban area in Busogo Sector, as it is located on volcano slopes and highly affected by local wind systems which strongly influences the stability of fixed-wing UAS. Due to the regulatory restrictions and the difficulty to find sufficient large landing sites, the fixed- Due to the limited availability of open spaces, a hybrid UAS for the data collection of the densely populated urban environment in Muhoza Sector was chosen. In contrast, the rotary wing UAS was used to collect the images of the peri-urban area in Busogo Sector, as it is located on volcano slopes and highly affected by local wind systems which strongly influences the stability of fixed-wing UAS. Due to the regulatory restrictions and the difficulty to find sufficient large landing sites, the fixed-wing flight was conducted from a cricket stadium 20 km south of the City of Kigali. At the time of data acquisition, the maximum lateral distance of the pilot to the UAS was limited to 300m. Since only one area provided sufficient space for landing, the DT18 could only capture images over the cricket stadium which is embedded in a rural area in Gahanga Sector. Both, the Inspire 2 and the FireFLY6 were equipped with a consumer-grade GNSS antenna allowing geotagging of all images. However, the measurements of additional Ground Control Points (GCPs) indispensable. In contrast, the DT18 stood out for its high-quality navigation sensor that records precise attitude logs including both, angular observations (< 10 arcmins) as well as camera positions (<2.3 cm) [41] . However, former test flights showed, that the DT18 requires additional GCPs to correct for (minor) systematic errors [41] , particularly when no GNSS corrections are applied.
Ground Control Measurements
Reference points were deployed and measured in all three case locations to include known point coordinates for georeferencing as well as a means for quality control. Clearly visible ground marker had a quadratic shape with an edge length of 30 cm showing a black and white chess pattern (cf. Figure 4 ) which were evenly distributed in the area of interest. As specified in Table 4 , ground truth measurements were carried out with two different GNSS devices. The first was a pair of Leica CS10 stations used in a base and rover set with a final RTK measurement accuracy of 2 cm. The second device used was a handheld Trimble GeoXH receiving RTK corrections via the Rwandan Continuously Operating Reference Station (CORS) GeoNet with a final measurement accuracy of 10 cm. Whereas GCPs were included as a weighted observation during the photogrammetric image processing [42] , checkpoints were not taken into account during image processing and present as a classical way to evaluate the geometric accuracy. The georeferenced orthomosaic has been generated following two different block orientation methods. The Gahanga dataset was processed by means of an integrated sensor orientation method [43] that uses the information of camera positions and attitude as well as object coordinates of GCPs for the Bundle Block Adjustment. Since no attitude measurements were available for the FireFLY6 and for the Inspire 2, the block orientation of the Muhoza and Busogo dataset followed the GNSS-supported Aerial Triangulation method based on information on camera positions and object coordinates of GCPs [cf. 43]. an integrated sensor orientation method [43] that uses the information of camera positions and attitude as well as object coordinates of GCPs for the Bundle Block Adjustment. Since no attitude measurements were available for the FireFLY6 and for the Inspire 2, the block orientation of the Muhoza and Busogo dataset followed the GNSS-supported Aerial Triangulation method based on information on camera positions and object coordinates of GCPs [cf. 43]. Although less than ten reference points are sufficient to achieve high geometric accuracies, redundancy in deployed points has proven to be the preferable option as ground marker might get vanished or destroyed. Due to unforeseen administrative problems, the time between the deployment of the ground marker and the UAS flight itself was almost 5h. This can explain the fact that nearly 25% of all deployed points in the area of Muhoza were taken away. As summarised in Table 5 , in the peri-urban and rural areas of Busogo and Gahanga the authors experienced less time Although less than ten reference points are sufficient to achieve high geometric accuracies, redundancy in deployed points has proven to be the preferable option as ground marker might get vanished or destroyed. Due to unforeseen administrative problems, the time between the deployment of the ground marker and the UAS flight itself was almost 5h. This can explain the fact that nearly 25% of all deployed points in the area of Muhoza were taken away. As summarised in Table 5 , in the peri-urban and rural areas of Busogo and Gahanga the authors experienced less time delay as well as fewer losses of ground marker. UAS data has been processed with the commercially available software Pix4D (www.pix4d.com) which refers to a well-established professional photogrammetric software. Next to commercially available software, freely available software for UAS image processing, such as Open Drone Map (www.opendronemap.org), offer viable alternatives. Open Drone Map follows a structure-from-motion pipeline which is based on Open SFM. Whereas previous open source software most often had the deficiency to not provide an intuitive, user-friendly user interface, Open Drone Map can be used as a command line tool, with a live USB or via a user-friendly Web-based graphical user interface. Recommended system requirements are similar for Pix4D and Open Drone Map, and refer to 16GB RAM for small projects over with 100-500 images, 32 GB RAM for projects over 500 images and 64 GB RAM for very large projects with over 2000 images. The photogrammetric processing in this paper was completed with Pix4D and took several hours for the Gahanga and Busogo dataset and more than a day for the Muhoza dataset.
Results

What Land Information do Rwandan Stakeholders Need?
The results of the needs assessment revealed that land information needs were not merely about data, but also other enabling requirements such as access, functionality and tool types. Tables 6 and 7 show the outcomes of workshops with government and non-government stakeholders, and how final decisions around land information needs were prioritised. The column, 'relative importance' reflects the proportion of votes awarded to a specific need, while 'popularity' reflects the proportion of participants who voted for that need. Spatial data with a high accuracy (although this was not quantified by participants) related to land tenure and other land information was a priority for both national and sub-national government stakeholders, attracting almost 20 and 30 percent of the total votes respectively. At both national and sub-national levels, the emphasis was less on land tenure information and more on other types of land information such as utilities, existing developments and land use, climatic and topographic data.
Additionally, there was an emphasis on capacity needs (usability and accessibility), indicated in needs such as integration of land parcel other types of land information (e.g., utilities and administrative boundaries), the desire to transition to open source systems and have greater transparency around data custodianship and access rights, and implementation of the District Land Use Plan (DLUP) and masterplan.
Local Government and Communities' Needs
Similar needs were identified by local government, who prioritized needs around digital data and supporting software, and a related desire for land tenure information to be more readily integrated with existing or planned land use and infrastructure. In general, land use tended to accord with the use defined on the title, but inconsistency is starting to be an issue in areas transitioning to more urban land use types. Here, it is common for the community to be found not using their land as zoned, or in some instances, attributed to the information on the title not being updated. For example, in one Cell, despite being rezoned for urban land use (residential), some land titles still reflected the previously planned agricultural land use. In these instances, it appeared that land records were only updated if the landowner formally seeks a building permit or other land-related services; otherwise, the land title remains unharmonised with the Master Plan. Also, although most of the land in Rwanda has been demarcated and titled during the LTRP, some plots (or owners who occupy the plots) remain untitled due to information gaps at the time of the LTRP, e.g." lack of identification, family disputes, etc. The use of general boundaries during the LTRP for demarcation for titling has also not been updated accurately due to the resolution of GPS receivers (3 meters) or lack of GPS receivers, leading to the on-ground practices like pacing by foot to resolve conflicts.
Lack of information, or lack of access to information, about the Master Plan (i.e., information about proposed new development) was identified. This inhibits the ability of local government to play a role in plan implementation. Additionally, given that the Master Plan plays a crucial role in setting out future development, it appears that local community consultation is ad hoc. For example, in some villages, local communities do not participate in the establishment of the master plan/LUP: in some others, only Cell officers are contacted, whereby it then falls onto them to inform the community; in yet others, local consultation has been undertaken.
In summary, it appears that at the Cell level, land information needs can be generalised as lack of access to development information (which affects land use practices and enforcement of intended land use types) and lack of up-to-date spatial and administrative information about individual parcels or persistent gaps in information.
Non-Government Stakeholders' Needs
In contrast, non-government stakeholders' needs were less focused on land tenure information and more on other information needs. Information needs like land value, land use, history of land, and proposed infrastructure were identified; the only tenure-related information was sub-meter accuracy of parcel boundaries in urban and peri-urban areas. It is no surprise that capacity needs around data accessibility, stakeholder engagement (e.g., consultation) and up-to-data web-based masterplans were all identified and prioritized.
What Data Quality can be Achieved with UAS-Technology?
The data quality can be derived from checkpoint residuals and a visual evaluation of the final orthomosaic. Final checkpoint residuals are outlined in Table 8 . Almost pixel-level geometric accuracy was achieved with the Busogo dataset. Both Gahanga and Busogo show more than 10cm RMS error of horizontal residuals. Differences regarding final geometric accuracy can be attributed to the UAS equipment and sensor as well as to the device and conditions for the measurements of reference points. Nonetheless, obtained orthomosaics are of high geometric accuracy and comparable to results in other scientific contributions [44, 45] . The visual evaluation revealed commonalities but also some differences in the datasets. Figure 5 presents the final orthomosaics of all three datasets. It is evident that sufficient overlap was considered during the flight missions as no gaps were present and the area of interest was entirely covered by the reconstructed scene. Differences of the visual quality are evident in the close-up views. Here, the image quality was best for the Muhoza dataset, as most features including rooftops, as well as vegetation, were well exposed in the orthomosaic. In contrast, the Busogo dataset showed a lower image quality, visible in over-exposed roofs and problems to fulfil a proper histogram matching during image processing. This can be attributed to the adverse lighting conditions during data capture. Even though meteorological conditions were perfect for flying during data capture of the Gahanga dataset, the sensor showed substantial difficulties to deal with bright and dark image features. Especially a large part of the parking area is very overexposed, even though the surface was covered with reddish gravel. In contrast, non-government stakeholders' needs were less focused on land tenure information and more on other information needs. Information needs like land value, land use, history of land, and proposed infrastructure were identified; the only tenure-related information was sub-meter accuracy of parcel boundaries in urban and peri-urban areas. It is no surprise that capacity needs around data accessibility, stakeholder engagement (e.g. consultation) and up-to-data web-based masterplans were all identified and prioritized. Figure 5 . Overview of the generated orthomosaics and GCP/checkpoint distribution.
The data quality can be derived from checkpoint residuals and a visual evaluation of the final orthomosaic. Final checkpoint residuals are outlined in Table 7 . Almost pixel-level geometric accuracy was achieved with the Busogo dataset. Both Gahanga and Busogo show more than 10cm RMS error of horizontal residuals. Differences regarding final geometric accuracy can be attributed to the UAS equipment and sensor as well as to the device and conditions for the measurements of reference points. Nonetheless, obtained orthomosaics are of high geometric accuracy and comparable to results in other scientific contributions [44, 45] . Table 7 . Specifications of final results.
Area
Ground Sampling Distance
RMS Error of CP Residuals (X/Y/Z) Muhoza
2.16 cm 0.122m / 0.086m / 0.467m Figure 5 . Overview of the generated orthomosaics and GCP/checkpoint distribution.
Can UAS Respond to the Needs Expressed by Different Stakeholders?
To draw conclusions on the ability of UAS data and UAS-based workflows to satisfy prioritized needs, the results of Tables 6 and 7 were categorised and integrated in a matrix which distinguishes between (a) needs where UAS data has no significant contribution toward the achievement and (b) needs that can be matched with UAS data (Figure 6 ). The latter category was further associated to one of the four key characteristics of UAS data: high geometric accuracy, provision of up-to-date data, high spatial and/or temporal resolution, and high level of interpretability.
needs, the results of Table 5 and Table 6 Figure 6 . Prioritized needs classified by the ability of UAS data to match stated needs with further association to key characteristics of UAS data and ranking according to the significance of the contribution. Figure 6 reveals that UAS data can have a significant contribution to match 27 out of 41 prioritised needs. The remaining 14 needs mainly refer to access to data, information, and software. A high and medium significance of UAS data was found mostly among national-level stakeholders, both governmental (eight needs) and non-governmental (seven needs) organisations. The needs of the local government could be met with medium (one need) or low (two needs) significant contributions of UAS data. Most of the prioritised needs of the sub-national government can only partially be fulfilled by UAS data (i.e., medium or low significance). A comparison of the four different characteristics shows that the provision of up to date data and the high level of interpretability are key in contributing to matching the stated needs. However, both aspects are highly interrelated to high geometric accuracy as well as high spatial resolution-otherwise, the data would not show such high level of detail which itself leads to high interpretability and its significant contribution to derive land use and topographic information. Although the quadrants in Figure 6 feature unique characteristics, all are interrelated and are therefore considered overlapping as well.
UAS regulations were found to have considerable impact on the scale of the utilisation of UAS in the context of land administration. Especially flight height and line of sight restrictions limit one data collection to several tens of hectares. Mapping larger areas would thus require constant moving of the ground control station with an adverse impact on the mapping efficiency. Geometric accuracy, was found to be less affected by UAS regulations. In contrast, the high level of interpretability and high spatial resolutions could be an issue when it comes to privacy and ethical constraints. Even though not the case in Rwanda, some countries demand public consent for the data collection of private property. A condition that requires sound data collection preparations and might put large restrictions on the UAS missions, particularly in urban and peri-urban areas.
High Geometric Accuracy
More specifically, the expressed need by government stakeholders for highly accurate spatial data can entirely be met by UAS imagery as shown by the low RMSE of checkpoint residuals in this study. Even though the national CORS in Rwanda cannot be considered as a source of GNSS corrections for PPK workflows, different means of georeferencing have proven to hit similar accuracies. This data characteristic facilitates the manual or digital delineation of parcel boundaries and support valuation and taxation processes-two needs which were prioritised by non-government stakeholders. The current cadastral map is based on the LTR programme which followed a general boundary approach which sometimes shows several meters offset to the correct location of the boundary. Most disputes arose during land transactions in densely populated areas, where plot sizes are small, and people depend on their land for subsistence farming. In those cases, UAS data ultimately facilitates a reliable and geometrically correct database to correct existing cadastral data.
Provision of up-to-Date Data
A comparison of the obtained UAS-based orthomosaic of Muhoza and the corresponding orthomosaic which is based on classical aerial photos from 2009 shows a high number of clearly visible changes (Figure 7 ), where 13 large buildings and 28 small buildings/annexes were newly constructed, 5 buildings were demolished, and 28 large buildings and 10 small buildings/annexes remained. Especially urban and peri-urban areas face numerous changes with regard to development and urbanization. The high level of detail and the immediate availability of aerial photos provide the geospatial basis to extract up-to-date land use, land development, and topographic information of small scale areas which is crucial to implement current urban development plans efficiently. Similarly, the timely provision of UAS data could support the delineation of parcel boundaries based on orthomosaics or regular base map updating activities. Especially up-to-date 3D point cloud data obtained from UAS images was identified as input for 3D cadastre. A data type, which can neither be provided by satellite images nor by aerial images. A low significant contribution of UAS data can be seen in contributing to a multi-purpose spatial data infrastructure which enables the integration of different data, which can further support the implementation of spatial development plans. In general, UAS-based data acquisition workflows allow stakeholders to gradually upgrade existing base-maps at a small scale, without the need for significant financial outlay upfront -two fundamental aspects of fit-for-purpose approaches. A low significant contribution of UAS data can be seen in contributing to a multi-purpose spatial data infrastructure which enables the integration of different data, which can further support the implementation of spatial development plans. In general, UAS-based data acquisition workflows allow stakeholders to gradually upgrade existing base-maps at a small scale, without the need for significant financial outlay upfront-two fundamental aspects of fit-for-purpose approaches.
High Spatial and/or Temporal Resolution
The proven flexibility of UAS data acquisition supports the collection of a multi-temporal base data for on-going and current tasks such as the revision of the National Development Plans (i.e., Master Plans) for Secondary Cities or development plans for towns and villages. Frequent changes in land use projects can be tracked and monitored using repetitive UAS data collections, especially since plot sizes and administrative areas in Rwanda tend to be small and lend themselves well to UAS data capture. Additionally, disputes about former land ownership and land use can be solved more efficiently with evidence from a multi-temporal database (i.e., history of land information). Next to the temporal aspect, the high spatial resolution of UAS data allows users to extract information about developments at parcel level or a more detailed land use planning which also includes sub-uses in urban and peri-urban areas.
High Level of Interpretability
This fundamental characteristic is attributed to the high level of detail in the generated UAS products which itself allows for a straightforward interpretation of the aerial dataset. People are more likely to correctly interpret the orthophoto as they recognise specific textures of the surface or physical features such as bushes, hedges or particular buildings. This allows UAS data to have a significant contribution in providing the database for visualising land tenure data or planned infrastructure-an asset which supports participatory mapping activities for land administration or urban planning. The authors observed, that in many cases, de-jure land rights do not represent de-facto land rights as the cadastral maps show little details on the physical extent (except for the parcel boundary). The integration of an orthophoto in the cadastral map would support the alignment of de-facto and de-jure land rights as it would spatially outline adjudicated land rights that are easy to interpret even for laymen. Furthermore, UAS data could aid consultative processes of land use planning with clear and understandable background data. A profound significance of UAS data was found in support of maintaining a web-based spatial plan, promoting more mobile tools, and sharing information with stakeholders.
Discussion
This study was designed to determine the match between stakeholders' needs and the characteristics of the UAS data acquisition workflow and its final products as useful spatial base data for land administration and spatial planning, particularly within the discourse of a more fit-for-purpose land administration.
Opportunities of UAS Data Collection to Match Land Information Needs
The socio-technical assessment revealed that the technical capabilities of UAS-based data are well-placed to match most of the prioritised needs in Rwanda. These needs did not only reflect the type of data (e.g., land use data, geological data, utility supply data, etc.) but also on characteristics of data and processes (e.g., geometric accuracy, spatial resolution, custodian of data, data integration, accessibility, etc.). This enabled the matching of the characteristics of UAS data to a particular type of data as well as the specific requirements of the data such as temporal resolution or geometric accuracy. The synthesis as shown in Figure 6 demonstrates that there is a high number of needs where UAS data could potentially have a significant contribution. The results suggest that UAS as a data acquisition device could most likely be adopted by national-level stakeholders or sub-national government stakeholders, which can be attributed to the system in Rwanda where the national government is the main provider of geospatial data. However, with UAS as a low-cost and flexible data acquisition platform, sub-national or local government stakeholders could increase their share of data provision, especially with regard to small scale mapping or multi-temporal flight missions in a local context. This would facilitate the co-production of land information in a decentralized way, a finding that is also reflected by [19] . The opportunity of using UAS-based images to delineate or enhance the accuracy of parcel boundaries is in line with the guiding principles for building fit-for-purpose land administration systems in developing countries [46] . Here, UAS were specifically outlined to provide the large scale image maps to map spatial units in densely populated areas (urban central, informal settlements and small towns). Results further suggest that UAS data can fulfil multiple needs across different domains such as planning and surveying. This is contrary to conventional ground surveying with GNSS or total station, where acquired data only serves a single purpose. Although not explicitly prioritised as a need, the UAS test flights showed that the (nearly) immediate availability of orthophotos could promote citizen participation in the adjudication process, a critical result which was also outlined by [19, 47] . Even though the Rwandan land administration information system is very advanced in comparison to other African countries, it was found that the digital nature of a generated UAS-based orthomosaic can easily be integrated in existing spatial data infrastructures to be used by numerous GIS applications, or if absent, support the modernization of current paper-based land registration systems.
Challenges of UAS Data Collection to Match Land Information Needs
Aside from those advantages, the UAS test flights in Rwanda also reveal four main challenges with regard to the implementation of UAS as a data acquisition tool to match land information needs.
Firstly, it needs to be noted that the terrain in Rwanda-the country of the thousand hills-is a very challenging testbed. Fixed wing drones have only limited climbing rates, and flight planning must be aligned with the physical environment. The availability of sufficient open space for appropriate landing strips is an essential precondition which was found to be challenging to fulfil. Hybrid UAS and rotary wing UAS are likely a more suitable instrument for small scale mapping activities. Current limitations with regard to battery capacity and flight time make hybrid UAS more effective for mapping tasks as they have aFRTK better flight endurance. In contrast, rotary wing UAS should be preferred to monitor the operation of utilities.
The second hurdle refers to the UAS regulations in Rwanda. With an operational limitation to fly only in visual line of sight, scaled application of UAS-mapping activities remain aspirational. Acknowledging the plans of the Government of Rwanda, legislation with a more performance-based orientation may soon be drafted and implemented more effectively. This development could pave the way for broader use of UAS-based data acquisition that supports land tenure recording, as well as extensive land information collection for development purposes, as envisaged in [48] .
The third hurdle includes the topic of ground truthing. It has been shown that especially in an urban environment, the collection and measurement of reference points are challenging and means of ground marking should be context-specific. PPK and RTK capable UAS can provide an answer to this challenge as they minimise or even eliminate the need for ground control measurements. However, the availability of professional GNSS equipment or a national network of existing GNSS reference stations is an essential precondition for RTK or PPK-based workflows. If the national CORS is not reliable or not existing, other means of accurate GNSS measurements such as Precise Point Positioning should be taken into consideration.
The fourth challenge refers to soft-and hardware requirements for data processing. Experiences of the authors in Rwanda revealed that the majority of employees of the Rwanda Land Management and Use Authority have a machine which could be able to process smaller datasets up to 500 images. However, to facilitate the processing of the data of an entire township, machines with more RAM and disk space would be needed-ideally a server environment. Cloud-based processing is seen very critical, as internet connections are very often subject to outages. Financial barriers to purchase the required hardware and a commercial software such as Pix4D or similar were perceived as very high-costs that are likely to exceed the procurement costs of the UAS equipment. At the same time, current open source software cannot reproduce the same data quality as commercially available software. However, given the rapid development of Open Drone Map, and the increasing number of users, the software algorithm is likely to mature in the close future.
Limitations of this Research and Future Work
The scope of this study was limited regarding the validation of the UAS technology in a relevant environment but not in an operational environment as the UAS flights were only trialled without the direct implementation of the data. Thus, this study did not address gaps and challenges on how the expressed stakeholder needs were actually met in the context of Rwanda. Future work could address this with a strong focus on implementation to evaluate the fitness-of-use of UAS workflows with due consideration of the entire innovation chain including GIS applications. This could be coupled with the design and evaluation of appropriate governance and capacity building models to allow the prototype demonstration of UAS-based workflows in an operational environment. Additionally, further research will be needed to explore the role of UAS compared to other geospatial technologies such as satellite data and classical aerial photographs in providing base data that serves as a spatial framework for the various land administration functions [49] .
Conclusions
The presented work highlights the capabilities of UAS technology to match the needs of land professionals in Rwanda. Results of a sound needs assessment across different stakeholder groups demonstrate prioritised demands of respective respondents. Although ranked differently, the need for high-resolution, up-to-date land information is consistently identified in the final lists of all group discussions. Across the globe, UAS have become an attractive technology and only the upcoming years will show whether multiple governmental and non-governmental stakeholders can capitalise on the numerous benefits of this data acquisition method. The flight missions in Rwanda showed that UAS as a platform to remotely capture images have clear advantages in terms of fit-for-purpose data provision by facilitating accurate, up-to-date data with a potentially high spatial as well as temporal resolution. However, the integration of the needs assessment and the UAS test flights indicates that structural and capacity conditions currently undermine the vast potential of the UAS data acquisition method. Therefore, a key policy priority should be to implement country-specific capacity development and governance strategies; otherwise, scaled implementation and increasing technology uptake might remain wishful thinking. Notwithstanding the outlined challenges, the results of this study show that UAS technology has the potential to be an appropriate land tool with a significant contribution in catering the base data for most of the prioritized land information needs in Rwanda. 
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